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Abstract: Strong wind events frequently result in 
creating large areas of windthrow, which causes 
abrupt environmental changes. Bare soil surfaces 
within pits and root plates potentially expose soil to 
erosion. Absence of forest may alter the dynamics of 
water circulation. In this study we attempt to answer 
the question of whether extensive windthrows 
influence the magnitude of geomorphic processes in 6 
small second- to third-order catchments with area 
ranging from 0.09 km2 to 0.8 km2. Three of the 
catchments were significantly affected by a windthrow 
which occurred in December 2013 in the Polish part 
of the Tatra Mountains, and the other three 
catchments were mostly forested and served as 
control catchments. We mapped the pits created by 
the windthrow and the linear scars created by salvage 
logging operations in search of any signs of erosion 
within them. We also mapped all post-windthrow 
landslides created in the windthrow-affected 
catchments. The impact of the windthrow on the 
fluvial system was investigated by measuring a set of 
channel characteristics and determining bedload 
transport intensity using painted tracers in all the 
windthrow-affected and control catchments. Both pits 
and linear scars created by harvesting tend to become 
overgrown by vegetation in the first several years after 
the windthrow. The only signs of erosion were 
observed in 10% of the pits located on convergent 
slopes. During the period from the windthrow event 
in 2013 until 2019, 5 very small (total area <100 m2) 
shallow landslides were created. The mean distance of 
bedload transport was similar (t-test, p=0.05) in most 
of the windthrow-affected and control catchments. 
The mapping of channels revealed many cases of root 
plates fallen into a channel and pits created near a 
channel. A significant amount of woody debris 
delivered into the channels influenced the activity of 
fluvial processes by creating alternating zones of 
erosion and accumulation. 
 
Keywords: Fluvial processes; Slope processes; 
Windthrow; Tree uprooting; Channel morphology; 
Tatra Mountains 
1    Introduction  
Strong wind events may result in extensive 
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damage in forest stands and thereby the creation of 
large areas of uprooted trees. Such phenomena are 
frequent in mountain landscapes and have many 
geomorphic consequences. Among them some of the 
most important are: transporting sediment along 
slopes (Gabet et al. 2003; Gallaway et al. 2009; 
Constantine et al. 2012; Pawlik et al. 2016; 
Strzyżowski et al. 2018), redistributing coarse 
particles within soil and creating rock veneers (Small 
et al. 1990; Osterkamp et al. 2006), or increasing 
slope roughness (Lyford and MacLean 1966; Pawlik et 
al. 2013). However, the creation of a windthrow 
entails many environmental changes which 
potentially may impact the type and intensity of slope 
and fluvial processes acting within a catchment. Bare 
soil surfaces within windthrow pits which, after the 
uprooting of all the trees in a forest, may cover several 
percent of a windthrow area (Phillips et al. 2008; 
Strzyżowski et al. 2016), may be supposed to increase 
the delivery of sediment from slopes into channels by 
intensified slope wash. Forest operations conducted 
after a windthrow, depending on the applied 
techniques of timber harvesting, may also reduce 
vegetation cover, and thus expose soil to erosion. Lack 
of roots strengthening the soil mantle may lead to an 
increase in the landsliding rate (Ziemer 1981). All 
those changes may cause an increased delivery of 
sediment into channels. It may also be expected that 
the lack of forest cover and presence of bare soil 
surfaces may alter the hydrosedimentary dynamics 
within a catchment and increase the intensity of 
fluvial processes. 
The impact of such abrupt environmental 
changes on the types and intensities of processes 
within a catchment still remains unexplored. Kotarba 
(1970) hypothesized that the creation of a windthrow 
causes a short-term increase in the intensity of slope 
processes. Hancock et al. (2011), based on the results 
of a landscape evolution model, claimed that the 
presence of an extensive windthrow decreases erosion 
within a hillslope. This was also confirmed by their 
field investigation which did not show any significant 
erosion within created windthrow pits. Similar results 
were obtained by Pawlik (2012), who measured the 
erosion rate within windthrow sites by collectors 
installed below several root plates. It occurred that 
almost all of the accumulated material was composed 
of organic matter. Gerber et al. (2002) mapped all 
unvegetated surfaces present within a windthrow area 
in Switzerland. After 8 years, half of those surfaces 
were colonized by vegetation. However, in one of their 
study sites the area of unvegetated surfaces was 
increased by many shallow landslides created after a 
rainfall event. In the Karkonosze Mountains, Hasiński 
(1971), using sediment collectors installed within a 
channel, recorded significantly higher bedload 
transport in the section of a stream surrounded by a 
windthrow compared to the section located within a 
forest. Also, in some areas there were observations of 
the role of windthrows in increasing the amount of 
woody debris in valley bottoms, and delivering fine 
sediment into channels by root plates fallen into 
streams (Reid 1981; Grizzel and Wolff 1998; 
Strzyżowski et al. 2016). 
In many logged areas there was an increase of 
sediment transported in channels after clearcutting 
operations (Megahan et al. 1995; Constantine et al. 
2005). In most cases, however, a major role in that 
was played by sediment delivered from slopes, mainly 
by landslides and forest roads (Fredriksen 1970; 
Grant and Wolff 1991). 
A foehn wind event which occurred in the Tatra 
Mountains in 2013 created large areas of uprooted 
trees which in some cases covered entire catchments. 
In effect, the close proximity of catchments affected 
and unaffected by the windthrow produced an 
opportunity to investigate the impact of extensive 
windthrow areas on the intensity of geomorphic 
processes within a catchment. We assumed that 
catchments affected by the windthrow would present 
a higher intensity of slope and fluvial processes 
compared to forested catchments. The aims of this 
study are: (1) to determine the potential impact of 
extensive windthrow areas on slope processes, 
especially shallow landsliding and surface erosion 
within windthrow pits and scars created by wood 
transport and (2) to evaluate changes in fluvial 
processes and channel morphology by a comparison 
of forested and windthrow-affected catchments 
characterized by similar morphological and 
environmental conditions. The comparison was made 
based on the geomorphological mapping of channels 
and monitoring the distances and sizes of transported 
bedload during flood events in the period 2018-2019. 
2    Study Area 
The field work was carried out in the Polish part 
of the Western Tatra Mountains (Carpathians), in the 
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Tatra National Park. The Tatra Mountains, 
culminating at 2,663 m a.s.l., belong to the Alpine 
orogeny and feature a typical high-mountain 
character (Kotarba et al. 1987; Krzemień 1992). 
However, the northern periphery of the massif is 
characterized by a middle-mountain relief, including 
its characteristic fluvio-denudational morphology 
(Gorczyca et al. 2014). The study area is located at the 
lower part of the Kościeliska Valley (49°16' N, 19°52' E) 
and includes the northern slope of the Western Tatra 
Mountains, descending steeply from 1100–1330 m 
a.s.l. to 930 m a.s.l.. The Kościeliska Valley has an 
asymmetrical channel pattern, whereby its eastern 
slopes tend to be undercut by its main stream. The 
valley floor is filled with fluvial and fluvioglacial 
alluvia. The geology of the area includes mostly 
limestone, dolomite, and marl from the Triassic, 
Jurassic, and Cretaceous, as well as limestone, shale, 
and conglomerate from the Eocene (Bac-Moszaszwili 
et al. 1979; Dąbrowska and Guzik 2015).  
For 71% of days in a year, local precipitation 
conditions develop in Polar maritime air masses. This 
type of air mass produces heavy and intense 
precipitation (Niedźwiedź 2003). The mean annual 
rainfall within the studied area ranges from 1400 to 
1600 mm, and mean rainfall for the summer period 
(June-August) is between 530 and 680 mm (Hess 
1974). The mean annual temperature is between 2°C 
and 4°C, and the number of days with snow cover is 
up to 140 (Hess 1974; Niedźwiedź 1992). Foehn wind 
events, which frequently cause damage in forest 
stands of the study area, occur mostly during the 
period from October to May (Niedźwiedź 1992). The 
most important factor favouring the occurrence of 
foehn wind in the Tatra Mountains is the presence of 
atmospheric circulation forcing the flow of air from 
the South to the North. One of such foehn wind events 
occurred on 25 December 2013, and has led to the 
creation of extensive windthrow areas, the majority of 
which are located in the Kościeliska Valley. 
Six second- to third-order catchments were 
selected for the purpose of this study. The selection 
was based mainly on the distribution of the damage 
during the windthrow in 2013. We searched for 
catchments which were severely affected by the 
windthrow. This condition was met only in 3 
catchments (W1, W2, W3; called windthrow-affected 
catchments), located on the left side of the Kościeliska 
Valley, in which the windthrow affected from 34% up 
to 94% of their area (Fig. 1). On the other side of the 
Kościeliska Valley, there were three catchments (C1, 
C2, C3; called control catchments) in which most of 
their area was forested. Four out of six studied 
catchments (W1, W2, C2, C3) are very similar to each 
other in the aspect of their area, length of the main 
channel, and relative height (Table 1). The lowest 
values of those parameters are observed in catchment 
C1, and the highest in catchment W3, whose 
morphometric parameters are substantially greater 
than in any other studied catchment. From those six 
catchments 10 sub-catchments were selected for the 
purpose of a comparison of bedload transport 
intensity between windthrow and forested areas. The 
morphometric parameters of those sub-catchments 
are listed in Table 2, and the method of their selection 
is described in detail in the first paragraph of section 
3.2. 
The studied catchments show the typical features 
of young river valleys with diversified depth and an 
uneven slope. Their upper sections are bowl-shaped. 
The valleys are wider within softer substratum rock, 
including marls and conglomerates, and narrower 
down in the gap sections of resistant limestone and 
dolomite (Dąbrowska and Guzik 2015). During the 
Pleistocene and Holocene, the valleys were 
periodically filled with debris, which was 
systematically removed from their bottoms and has 
built torrential fans at their mouth sections. In the 
studied area, the dominant types of soils are Cambic-
Rendzic Leptosols and Eutric Cambisols, and their 
Table 1 Basic characteristics of the studied catchments. 
Parameter 
Catchment 
W1 W2 W3 C1 C2 C3 
Area (ha) 26 16 80 9 19 17 
Main channel length (m) 573.1 439.8 1153.2 277.5 506.1 523.1 
Elevation (m a.s.l.) 937-1199 939-1203 947-1334 948-1137 950-1251 964-1266 
Area of forest (%) 6 1 23 100 70 73 
Area of windthrow (%) 76 94 34 0 22 20 
Average slope inclination (°) 23.7 25.9 31.0 28.6 26.1 31.0 
Bedrock type a C M+L M+L C, M+L M+L, C M+L 
a C – conglomerate, M+L – marl and limestone. 
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depths usually do not exceed 1 m (Skiba 2002).  
After the windthrow in catchments W1, W2, W3, 
and in some places of catchment C3 salvage logging 
operations were conducted (see “Post-windthrow 
salvage logging” on Fig. 1). This included sawing off 
the trunks of trees at their bases and transporting 
them into the bottom of the Kościeliska Valley using a 
cable-crane. During this transport one side of a trunk 
was in contact with the slope surface which led to the 
creation of several linear erosion scars. In one of the 
valleys (W3) some of the trees were logged and stored 
inside the valley. They were then loaded on trucks and 
transported outside the catchment using its main 
channel as a road. Additionally at some places in 
catchment C2, the logging of trees affected by bark 
beetle was conducted (see “Clearcut” on Fig. 1). All of 
 
Fig. 1 Location of the studied valleys, painted tracer plots, and rainfall and water level gauging stations. One of the 
rain gauges belonging to the Institute of Meteorology and Water Management – the National Research Institute was 
located 500 m north of the studied area, as indicated by the arrow in the northern part of the map. 
Table 2 Morphometric and environmental parameters of 5 pairs of catchments in which a comparison of bedload 
transport intensity was made. 
Parameter 
Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 
W1.4 C1.2 W1.5 C1.3 W3.2 C3.2 W1.2 C1.1 W2.1 C2.1 
Area (ha) 1.8 1.1 1.9 3.9 1.0 0.5 7.3 7.8 12.3 10.5 
Average slope (°) 20 28 25 28 31 31 23 29 26 25 
Total channel length (m) 10.3 36.3 11.1 24.2 40.2 25.3 145.1 234.8 331.3 320.6 
Channel density (m ha–1) 5.7 31.8 5.7 6.2 38.7 52.0 19.9 30.0 26.9 30.5 
Average channel slope (°) 24 25 19 22 34 32 19 22 23 20 
Area of windthrow (%) 76 0 100 0 100 42 90 0 95 22 
Area of forest (%) 0 100 0 100 0 58 10 100 2 78 
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those forest operations produced large amounts of 
logging slash which was left on slopes and in channels. 
3    Methods 
3.1 Slope processes and channel structure 
To determine if the creation of the extensive 
windthrow areas in 2013 increased the activity of slope 
processes and enabled the delivery of sediment into 
channels of the studied catchments, the following 
methods were applied in three windthrow-affected 
catchments (W1, W2, W3). The monitoring of landslide 
activity in the period 2015-2019 was conducted by 
visiting the catchments year by year during that period 
and mapping all newly created landslides. Also, 
windthrow pits were mapped in search of any signs of 
erosion activity within them. We assumed that pits may 
intercept subsurface flow within their upslope side, 
possibly resulting in the initiation of gullying and 
transporting sediment beyond them. It was supposed 
that such phenomena, if present, would occur most 
frequently within convergent slopes, which tend to 
concentrate water, so the mapping was done within 1.2 
ha area of convergent slopes located within the 
windthrow. Additionally, we mapped all the linear 
erosion scars created by the transport of trunks during 
salvage logging. 
To recognize the structure of the channels in the 
studied valleys, geomorphological mapping of stream 
channels within all six studied catchments was carried 
out. The channels were divided into sections which 
were 30 m long in first-order valleys, 50 m long in 
second-order valleys, and 100 m long in third-order 
valleys. To collect the data, a special log was prepared. 
The log covered the following four groups of data 
recorded for each channel section: (1) general 
information, (2) valley floor parameters, (3) channel 
and sediment parameters, and (4) impact of the 2013 
windthrow on the channel. Principal log entries 
included information on geographic location, 
geological structure, valley floor and channel 
parameters, channel forms, cross sections, longitudinal 
profile, banks, floor type (rock floor, wood debris, pools 
and steps), and coarse sediment size. 
3.2 Monitoring of bedload movement 
Each studied catchment was divided into 
subcatchments for which their morphometric 
parameters were calculated using 1-m resolution 
Digital Elevation Model (Head Office of Geodesy and 
Cartography 2019a). The parameters included: area, 
mean slope inclination, density of channels (in m ha–
1), and mean slope of channels. Also, for all 
subcatchments, the percentage of their area covered 
by forest was calculated based on an orthophoto taken 
in 2017 (Head Office of Geodesy and Cartography 
2019b). Five pairs of catchments were selected for the 
purpose of a comparison of the intensity of bedload 
transport between windthrow-affected and control 
catchments (Table 2). Three of the pairs were first-
order catchments and two of the pairs were second-
order catchments. The primary criterion of selecting 
catchments within each pair was land use, i.e. one of 
the catchment had to be forested, and the other had to 
be affected by windthrow. A secondary criterion 
included morphometric parameters of the ‘paired’ 
catchments. In most cases of those pairs we were able 
to select catchments in which all the measured 
parameters were similar. However, in particular pairs 
of catchments, some of the parameters may have 
varied, because there were limited cases of 
catchments which were similar geomorphologically, 
but differed in land use. 
Within each of those catchments a painted 
tracers plot was established (Fig. 1). This was done by 
selecting 50-180 particles of sizes 1-38 cm (b-axis) 
from the channel, painting them, and placing them in 
the channel after they were dry in a row perpendicular 
to the channel. In most cases a plot was installed in 
the lower part of a given catchment, but, in some 
cases it was located in the middle part of a catchment. 
This is why the morphometric parameters shown in 
Table 2 were in some cases calculated for the part of a 
catchment which was located above a given plot of 
painted tracers. Additional painted tracer plots (W1.1, 
W1.2, W2.2, W3.1, and C3.1) were established in the 
catchments W1, W2, W3, and C3. Those plots were 
not used to make comparisons between the transport 
intensity in windthrow-affected and control 
catchments, but were created in order to improve the 
recognition of transport intensity in longitudinal 
profiles of the studied valleys. 
The measurements were made in 2018 and 2019. 
In total six hydro-meteorological events were 
recorded during that period. Measurements were 
conducted 4 times, which resulted in four separate 
monitoring periods (time between deployment of 
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tracers until measurements) of bedload transport: 
monitoring period 1 (25.05.2018 - 08.08.2018), 
monitoring period 2 (08.08.2018 - 17.10.2018), 
monitoring period 3 (07.06.2019 - 28.08.2019), and 
monitoring period 4 (28.08.2019 – 15.11.2019). 
During each measurement, distances and mean 
diameters of all the moved particles were measured. 
Particles which were not transported were counted in 
order to calculate the recovery rate. After measuring 
all the moved particles the plots were reestablished. 
In cases in which recovery rate was less than 100% 
the colour of the paint within that plot was changed in 
order to avoid sampling unrecovered tracers during 
further measurements. 
Transport in windthrow-affected and control 
catchments was compared by analyzing transport 
curves presenting maximum transport distances in 
each catchment for each monitoring period separately, 
and by comparing mean transport distances for all 
events together, using the t-test (p=0.05). Variables 
containing the distances of transport for each 
catchment were not normally distributed, and 
therefore, a transformation (log10) was applied. After 
that most of the variables were still not-normally 
distributed, however, the skewness of each variable 
was significantly reduced, and ranged between 0.15 
and 0.75. 
Rainfall data for 2018 were provided by the 
station belonging to the Institute of Meteorology and 
Water Management – the National Research Institute 
located at the foreland of the Tatra Mountains, in 
close proximity to the studied valleys (<1 km). In 2019 
rainfall was measured by a tipping-bucket rain gauge 
with Odyssey data logger installed in catchment W3. 
In order to determine flow rates in the studied valleys 
Thomson v-notch weirs were installed in catchments 
W2, W3, and C3. Water levels were recorded by OTT 
ECOLOG 800 (GPRS) and OTT ECOLOG 500 water 
level loggers with a resolution of 10-minutes. Weirs 
and loggers were initially installed also in catchments 
C1, and C2, but the data from those catchments are 
only fragmentary because of the frequent jamming of 
a weir by fine wood branches in catchment C1 and the 
necessity of removing the equipment several times 
during forest operations in catchment C2. 
4    Results 
4.1 Activity of slope processes 
During the period 2015-2019 five small shallow 
landslides took place between 2015 and 2017. Three of 
them took place in catchment W3, and their total area 
did not exceed 50 m2. Two of the landslides occurred 
in catchment W1, and their area equalled 31 m2. Each 
landslide was created near the bottom of the valley, 
and in two cases colluvial masses reached the channel. 
No landslides were noted in catchment W2. 
Totally 1.2 ha of convergence areas located within 
the windthrow were mapped. Within those areas 152 
windthrow pits were identified. All of the pits were to 
some extent vegetated: in 47% of them vegetation 
covered their whole surface. In 30% of the pits signs 
of modelling of their upslope side by superficial 
processes (mostly soil slumping) were noted. In 10% 
of all mapped pits (15%, 10%, and 5% of pits located 
in catchment W1, W2, and W3, respectively) there 
were apparent signs of interception of subsurface flow 
by the upslope side of the pits. Those signs, however, 
were only local, and did not show any transport of 
sediment outside of the pits. 
As a result of salvage logging operations 7 erosion 
scars ranging in length from 56 to 329 m (1036 m in 
total) were created. Their average width is 0.8 m and 
their average depth is 0.15 m. None of those scars was 
directly connected to a channel. During mapping in 
2016 the scars were vegetated along most of their 
length (68%). In 2017 the length of vegetated scars 
had increased to 76%. 
4.2 Channel characteristics 
Most of the mapped channel parameters are 
similar in windthrow-affected and control catchments. 
Both types of catchments have similar mean bed 
material sizes which range between 7.2 and 11.8 cm 
(Table 3). The amount of channel steps in the studied 
catchments ranges in most cases from 8 and 12 steps 
per 100 m of channel length. Only in the case of 
catchment W1 is it notably lower, equaling 5.8 steps 
per 100 m of channel length, which may be connected 
with more rounded pebbles resulting from 
conglomerate bedrock.  
Large amount of different-sized woody debris 
was observed in the studied channels. Large woody 
debris (LWD) was delivered into the channels of 
catchments W1, W2, W3, C2, and C3 mainly in a form 
of trunks, log jams (fragments of trunks, branches, 
twigs, and roots), and, to a lesser extent, whole trees 
with their roots. The accumulation of woody debris in 
J. Mt. Sci. (2021) 18(6): 1405-1423        
 1411
the studied channels is different. It may hang over a 
channel (Fig. 2A) or be deposited in a channel (Fig. 
2B-E). Woody debris, together with mineral debris, 
may entirely (Fig. 2B, C) or partly (Fig. 2D, E) dam a 
channel. As a result of logging operations, the 
channels of all windthrow-affected catchments and 
control catchments C2 and C3 were filled with a 
significant amount of fine woody debris (FWD; Fig. 
2F) composed of logging slash. Although it did not 
play a significant morphogenetic role, in many cases 
initially it covered the entire surface of a channel or 
was concentrated in large clusters (Fig. 3). In effect, 
the amount of woody debris in the channels is high 
both in windthrow-affected catchments (25-47% of 
Table 3 Parameters of the channels of the studied catchments. 
Parameter 
Catchment 
W1 W2 W3 C1 C2 C3 
Mean bed material size (cm) 10.3 9.0 9.4 9.0 11.8 7.2 
Maximum bed material size (cm) 33.3 30.1 45.9 31.8 41.8 31.4 
Channel steps (n per 100 m) 5.8 8.6 9.7 10.0 7.2 12.2 
Organic channel steps (n per 100 m) 3.3 5.8 1.5 2.4 2.6 5.9 
Woody-debris (% of channel surface) 25.0 46.7 15.7 14.4 58.0 41.4 
Bedrock (% of channel length) 18 3 44 4 8 24 
Bank undercuts (m2) 168.5 56.3 367.5 44.3 93.2 68.2 
Windthrow pits adjacent to the channel (m2) 10.4 25.6 12.4 2.9 0 14.2 
 
 
Fig. 2 Different patterns of modelling a channel affected by different types of woody debris. Large woody debris 
(LWD) hung over a channel (A). A whole tree fallen into a valley bottom damming one side of a channel (B). 
Deposition of LWD in the channel damming the whole channel width (C). Accumulation of fine woody debris (FWD) 
within one side of a channel forced by a partly suspended tree trunk (D). LWD blocking both sides of a channel (E). 
FWD spread around the entire surface of a channel (F). 
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the surface of a channel, except from catchment W3, 
where woody debris was already removed by the high 
energy of fluvial processes) and in control catchments 
C2 and C3 (41%-58% of the surface of a channel). The 
lowest amount of woody debris (14% of the surface of 
a channel) was observed in control catchment C1 
which is 100% forested and had not been subjected to 
any forest operations in recent years.  
Woody-debris channel steps constitute from 16% 
to 66% of all recorded channel steps. In windthrow-
affected catchments W1 and W2, the amount of 
woody-debris steps is higher (3.3-5.8 steps per 100 m 
of channel length) compared to the control 
catchments C1 and C2 (2.4-2.6 steps per 100 m of 
channel length). The greatest number of woody-
debris steps (5.9 per 100 m of channel length) was 
noted in control catchment C3. The lowest number of 
organic steps (1.5 per 100 m of channel length) was 
recorded in windthrow-affected catchment W3, where 
high-energy fluvial processes have removed most of 
the organic material. 
The total area of bank undercuts equaled 168.5 
m2, 56.3 m2, and 367.5 m2 in catchments W1, W2, and 
W3, respectively. In the same catchments, the area of 
windthrow pits which were created directly near 
channels and from which sediment was able to enter a 
channel was 10.4 m2, 17.9 m2, and 12.4 m2, 
respectively. Since those windthrow pits also may be 
subject to fluvial erosion it can be said that their 
creation “expanded” the area of bank undercuts by 
respectively 6%, 32%, and 3% in catchments W1, W2, 
and W3. In fact, only the lowest part of a pit adjacent 
to a channel may be eroded by a stream, but the rest 
of its surface is subject to sheet wash during a rainfall 
and also delivers sediment into a channel. Also 16 
cases of root plates which have fallen into channels 
were noted which also may contribute to the increase 
of sediment transport within streams. 
4.3 Rainfall events and bedload transport 
intensity 
During the 2 years of monitoring the intensity of 
 
Fig. 3 Photo of a channel in catchment C2 taken after 
in 2018, after logging trees affected by bark beetle. 















First-order 58-100 27-94 14.5 15 
Second-order 37-92 17-50 31.5 26 
Third-order 83-97 20-25 104.9 36 
2 
First-order 5-40 80-100 5.3 8 
Second-order 7-45 75-100 6.8 9 
Third-order 20-22 75-94 33.8 16 
3 
First-order 0-22 20-100 0.7 5 
Second-order 0-49 75-100 2.6 11 
Third-order 9-15 43-93 3.8 10 
4 
First-order 0-7 75-100 0.3 8 
Second-order 0-33 94-100 2.8 8 
Third-order 17-39 88-100 3.8 9 
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bedload transport using painted tracers, several 
hydro-meteorological events have occurred. The 
magnitude of bedload transport was determined by 
both the intensity of a given event (Fig. 4) and the 
order of a catchment (Fig. 5, Table 4). 
The first period of monitoring bedload transport 
included two rainfall events which resulted in the 
highest discharge noted during the whole period of 
conducting the monitoring. During the first of those 
events 67.8 mm of rain fell in a period of 10 hours 
which caused a discharge reaching 71, 202, and 123 
dm3 s–1 in catchments W2, W3, and C3, respectively 
(Fig. 4). During the second event 98.1 mm of rain fell 
during a period of 21 hours, which resulted in lower 
discharges (66, 140, and 75 dm3 s–1, respectively in 
catchments W2, W3, and C3). This monitoring period 
caused the transport of 37%-100% of tracers for a 
maximum distance of 14.5 m, 31.5 m, and 104.9 m in 
first-, second-, and third-order catchments, 
respectively (Table 4). 
The third hydro-meteorological event (during the 
second monitoring period) was triggered by an 
intense rainfall of 45.1 mm during 3 hours. It caused 
an instant increase of discharges in the channels, 
which peaked at 56, 98 and 13 dm3 s–1 in catchments 
W2, W3, and C3, respectively. Its geomorphic effects 
were significantly weaker comparing to the previous 
events. From 5% to 45% of tracers were mobilized and 
the maximum distance of their transport ranged from 
5.3 m in first- to 33.8 m in the third-order catchments. 
The two next rainfall events which occurred during 
the third monitoring period, and the last rainfall event 
which took place during the fourth monitoring period, 
resulted in notably lower discharges in each of the 
monitored catchments. Those discharges did not 
exceed 40, 80, and 60 dm3 s–1 respectively in 
catchments W2, W3, and C3. Those events seemed to 
be close to the threshold of activating bedload 
transport. Respectively 22, 49, and 39 percent of 
tracers were transported in first-, second-, and third-
order catchments, and the maximum transport 
distance did not exceed 1 m in first-order catchments 
and 4 m in third-order catchments. 
Analysis of the hydrographs shows that during 
the three events (4, 5, and 6, Fig. 4) peak discharge in 
all the monitored catchments occurred at the same 
time. Differences in the time of the maximum 
discharge  between particular catchments were observed 
 
Fig. 4 Graphs showing absolute and cumulative values of hourly rainfall (mm) and hourly values of discharge (dm3 s–1) 
during six hydro-meteorological events recorded in the period of bedload transport measurements (2018-2019). 
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Fig. 5 Results of bedload transport measurements shown for all painted tracer plots. Each transport curve graph 
(particle size vs distance travelled) contains all the measurements collected for a given plot throughout 2 years of 
conducting the experiment. Dotted lines outline results for three measurements (excluding the first measurement 
which was not done for plots W2.1, W2.2, and C1.1 - see the methods section) and solid lines outline results for all four 
measurements. Locations of the plots are marked within longitudinal profiles of the studied channels. 
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during events 1, 2, and 3. Those differences, however, 
do not present any regularity, i.e. during each of those 
events peak discharge noted in one of the three 
monitored catchments was either before or after peak 
discharge noted in the two other monitored 
catchments (see Fig. 4). 
4.4 Bedload transport in windthrow-affected 
and control catchments 
The comparison of the intensity of fluvial 
transport in windthrow-affected and control 
catchments was done on an example of 10 catchments 
in which painted tracers plots were installed and which 
were put together in 5 pairs (windthrow-affected vs 
control). Three of the pairs were first-order catchments 
and two of the pairs were second-order catchments. 
During the first monitoring period in two of the 
pairs (W1.4 vs C1.2 and W3.2 vs C3.2; first-order 
catchments) transport intensity within windthrow-
affected and control catchments was similar (Fig. 6). 
In one of the pairs (W1.5 vs C1.3) transport intensity 
was greater in the control catchment compared to the 
windthrow-affected one. The pairs located in second-
order catchments are not compared for this period 
(see methods section). During the second monitoring 
period in four out of five pairs of catchments, tracers 
located within the windthrow-affected catchments 
showed longer distances of transport. Only in the case 
of one pair (W1.2 vs C1.1) was a higher transport 
distance recorded for tracers located within the 
control catchment. During the third monitoring 
period, in two pairs of catchments (W1.4 vs C1.2 and 
W1.5 vs C1.3) the transport was higher within the 
windthrow-affected catchments. Two of the pairs (W3.2 
vs C3.2 and W2.1 vs C2.1) showed similar transport 
distances, and one of the pairs (W1.2 vs C1.1) showed 
explicitly higher transport distance in the control 
catchment. During the fourth monitoring period in three 
pairs (W1.4 vs C1.2, W1.5 vs C1.3, and W1.2 vs C1.1) of 
catchments, higher transport intensity was observed 
within control catchments. In one of the pairs (W3.2 vs 
C3.2) there was no transport in both catchments and in 
another pair (W2.1 vs C2.1) the transport was greater in 
the windthrow-affected catchment. 
If the intensity of transport in the same pair of 
catchments is analyzed over different monitoring 
periods, there is no consistent difference between a 
windthrow-affected and a control catchment. The largest 
inconsistency is observed in the pairs W1.4 vs C1.2 and 
W1.5 vs C1.3 where during some of the monitoring 
periods the transport was greater in the windthrow-
affected catchments and during the others in the control 
catchments. In the case of the pair W2.1 vs C2.1 the 
transport was notably greater in the windthrow-affected 
catchment during the second and fourth monitoring 
period. However, during the third period the transport 
intensity in both catchments was similar. In the case of 
one pair of catchments (W1.2 vs C1.1) the transport 
intensity among all the monitoring periods was 
significantly greater in the control catchment. One of the 
pairs of catchments (W3.2 vs C3.2) presented relatively 
similar transport intensities during each period. 
Comparison of the mean distance of bedload 
transport in windthrow-affected and control 
catchments shows that in two pairs of catchments 
significant differences (p=0.05) in mean transport 
distance exist (Fig. 7). In one of those pairs the mean 
distance of transport is greater in a windthrow-
affected catchment, and in the other – in a control 
catchment. In three other pairs there are no 
significant differences between windthrow-affected 
and control catchments. 
5    Discussion 
5.1 Slope processes 
Within windthrow-affected slopes the most 
obvious features in which geomorphic processes may 
be intensified are pits which may cover several 
percent of a post-disturbance area (Phillips et al. 
2008; Strzyżowski et al. 2016). Although such places 
may be expected to be especially prone to erosion 
(Kotarba 1970), studies on the activity of geomorphic 
processes within pits are rare. One of them is the 
study of Hancock et al. (2011) who did not observe 
any signs of significant erosion within pits. Moreover, 
their model-based simulations showed that erosion 
within a slope was reduced after the creation of pits 
and mounds which acted as sediment traps. Pawlik 
(2012) also did not observe any increase in the surface 
erosion within windthrow areas. In the studied 
catchments half of the mapped pits located on 
convergent slopes were fully vegetated, and only 10% 
of them showed signs of subsurface flow interception. 
In such cases there were no traces of transporting 
sediment outside of the pits or initiation of gully 
erosion. It is, therefore, expected that the occurrence 
of erosion within the pits located outside convergence  




Fig. 6 Transport curve graphs (distance of a transported particle vs its diameter) for all 5 pairs of windthrow-affected 
and control catchments. Each “column” of graphs represents one measurement. 
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areas is even less frequent. This may be confirmed by 
the study of Strzyżowski et al. (2016) who showed that 
among almost 500 pits mapped 1.5 years after the 
windthrow in catchment W2, only 5 presented signs 
of erosion within their upslope side and most of them 
were vegetated in at least in 30% of their area.  
Besides the exposure of soil in windthrow pits, salvage   
logging   operations   conducted   within   
thewindthrow led to the creation of linear erosion 
scars. In 2016, erosion scars created in catchments 
W1, W2, and W3 were vegetated along most of their 
length and the amount of vegetation within them 
tended to increase with time.  No gullying was 
observed at the surface  of  those  forms, and none of 
those scars was directly connected to the channel. It 
is therefore suspected that those surfaces do not 
contribute to increased slope erosion. 
In general, observations made during many field 
trips which began in 2015, showed that the slopes in 
the study area are rapidly colonized by vegetation. 
Observations from other areas confirm that, and show 
that created pits may become entirely vegetated in 5 
years after a forest disturbance (Fischer et al. 2002; 
Wohlgemuth et al. 2002). 
Since the loss of root reinforcement in soils, 
which is noted after logging, may significantly 
increase the intensity of shallow landsliding (Ziemer 
1981; Jakob 2000; Guthrie 2002; Roering et al. 2003; 
Roberts et al. 2004; Imaizumi et al. 2008), one 
should also expect an increase in the landsliding rate 
at windthrow areas. However, there are few reports of 
landsliding intensity after a windthrow. Both Gerber 
et al. (2002) and McDonald (2011) showed an 
increased rate of landsliding within windthrow areas. 
On the other hand, Wohlgemuth et al. (2017) did not 
observe differences in the intensity of mass 
movements between windthrow and forested areas. In 
our study site in the period from 2015 to 2019 (2-6 
years after the windthrow) only 5 small landslides 
have occurred, with a total area of 81 m2. Considering 
the sizes of the catchments it appears that the 
geomorphic significance of those forms is negligible. 
It is not clear why the intensity of landsliding was low 
after the windthrow. The effects of reduced root 
cohesion on the landsliding rate certainly depend on 
the susceptibility of a given area to mass wasting 
processes and in some cases they may be insignificant 
(Swanson and Dyrness 1975). Moreover, it has to be 
underlined that during the studied period rather low 
magnitude hydro-meteorological events occurred, the 
intensities of which were probably under the 
threshold of activating shallow landslides. 
5.2 Hydro-meteorological conditions and a 
comparison with an extreme event 
During the period of bedload transport 
monitoring, there were 3 events which produced a 
rainfall total of about 40 mm. In most cases those 
events were close to the threshold of activating 
 
Fig. 7 T-test plots showing differences in mean bedload transport distance between windthrow-affected and control 
catchments. Each mean is calculated based on all the measurements taken in 2018-2019 at a given plot. Pairs of 
catchments presented on upper plots are first-order catchments and pairs presented on the lower plots are second-
order catchments. Letter “s” in the upper corner of a plot indicates that means are significantly different at p=0.05. 
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bedload movement within channels. In the period 
from the windthrow event in December 2013 until the 
end of our field work in 2019 in total 19 events with 
daily precipitation sum exceeding 40 mm were noted 
(Fig. 8, the data source is the Institute of Meteorology 
and Water Management – National Research 
Institute). During 2 of those events (in 2014 and 2018) 
the daily precipitation sum significantly exceeded 100 
mm and during one event (in 2016) the daily 
precipitation sum was 70.6 mm, but maximum hourly 
rainfall reached 32.4 mm. The event in 2018, which 
probably was the most intense event since the 
windthrow, resulted in the greatest transport of 
bedload in the studied valleys during the period of 
bedload transport measurements (2018-2019).  
Nevertheless, high-magnitude geomorphic 
events occur in the studied area relatively frequently. 
One of such events occurred on June 5, 2007 
(Gorczyca et al. 2014). The precipitation total of 104.2 
mm, with its highest intensity of more than 1 mm 
min–1 triggered numerous shallow landslides  within 
slopes and high-energy fluvial processes within the 
valley bottoms of all the studied catchments, which at 
that time were 100% forested (Gorczyca et al. 2014). 
The average maximum sizes of bedload transported in 
particular sections of the studied valleys ranged 
between 30 and 60 cm. In the left-side valleys (W1, 
W2, W3) the maximum size of the transported 
bedload exceeded 60 cm. The proportion of rocky 
floors was between 25% and 60% of the length of a 
given channel.  
In the period of measuring bedload transport 
(2018-2019) no events similar in magnitude to that in 
2007 occurred, and therefore, transformations of 
valley floors were significantly lower. During the 
highest-magnitude hydro-geomorphic event recorded 
in that period, in 2018, the sizes of transported 
bedload were up to 30-40% of those recorded in 2007 
and the proportions of rocky floors in the length of the 
channels were 7-50% of those in 2007. 
5.3 Fluvial processes 
According to our knowledge there is no research 
on the intensity of fluvial processes within catchments 
affected by a windthrow. Only Hasiński (1971) made a 
short note in which he pointed out that bedload 
transport within a windthrow area was 77.6 times 
greater than within a forested area. A similar situation 
was frequently observed within logged catchments, 
where the amount of sediment, both bedload and 
suspended, transported in channels had increased by 
from several up to 100 times (Fredriksen 1970; Grant 
and Wolff 1991; Douglas et al. 1992; Constantine et al. 
2005). It was shown that such a situation is caused by 
significant sediment delivery from slopes rather than 
by increased flows during storms (Megahan et al. 
1995). Most of this delivery results from mass 
movements which are intensified by reduced root 
cohesion and from newly constructed forest roads 
 
Fig. 8 Daily and hourly precipitation sums for all the rainfall events recorded in 2014-2019 during which the daily 
precipitation sum exceeded 40 mm. Precipitation sums for the event in 2007 are presented for comparison. 
J. Mt. Sci. (2021) 18(6): 1405-1423        
 1419
(Fredriksen 1970; Grant and Wolff 1991; Constantine 
et al. 2005; Karwan et al. 2007). In the studied 
windthrow area, however, the delivery of sediment 
from slopes into channels in the period since the 
windthrow event, except from some places where 
uproots were created in the vicinity of channels, was 
rather negligible. 
The intensity of bedload transport measured in 
the studied catchments was not clearly influenced by 
the windthrow. Despite the fact that catchments 
between which transport was compared are located in 
the closest vicinity and have similar morphometry 
and lithology, in all but one ‘pair’ of compared 
catchments the intensity of bedload transport differed. 
Those differences were, however, not consistent 
among the monitoring periods, which suggests that 
they were caused by factors other than the presence of 
windthrow or forest. 
In the studies of the hydrological consequences of 
logging, it is underlined that the increase in peak 
flows in logged catchments is minor or it is notable 
only during the lowest flows, and it decreases with the 
intensity of a storm (Hewlett and Helvey 1970; 
Ziemer 1981; Wright et al. 1990; Lewis et al. 2001). It 
was shown that the impact on peak flows of 
unvegetated surfaces such as forest roads may be 
insignificant if they cover a small area (< 12%) of a 
catchment (Harr et al. 1975). In our study area, in 
catchment W2, where the windthrow covers almost 
100% of the catchment, the total area of the 
catchment which was devoid of vegetation was 
assessed at 4.8% (Strzyżowski et al. 2016). It is 
probable, therefore, that the windthrow which 
occurred in the studied area had minor effects on the 
highest storm flows, and, thus on the energy of 
flowing water capable of transporting bedload. It 
certainly may be supposed that local differences in 
channel characteristics, rainfall distribution, or 
various local catchment parameters, play a greater 
role in differentiating the intensity of channel bedload 
transport than the presence of the windthrow.  
5.4 Role of woody debris 
Woody debris is an integral part of channels 
located in the forested part of the Tatra Mountains. 
Trees which have fallen into a stream notably affect 
fluvial processes (Gurnell et al. 2002). The type of 
woody debris (after Thévenet et al. 1998), its volume, 
and the place of its deposition in a channel, influence 
the distribution and sizes of channel forms (Gregory 
et al. 1985). 
A significant amount of large woody debris (LWD) 
was delivered to the channels of the studied 
catchments by the windthrow in 2013 and subsequent 
forest operations. The morphogenetic role of woody 
debris in the studied channels is considerable and has 
led to their transformation. Depending on the type 
and amount of woody debris, it may affect the flow by 
damming (Fig. 2C) or narrowing (Fig. 2D, E) it. This 
causes erosion of channel banks above a dam (Fig. 2C) 
or erosion of a channel bank in the place where a dam 
has narrowed a stream flow (Fig. 2B). The latter case 
also results in an increase of channel bed erosion and 
creation of a narrow chute (Fig. 2D, E). 
According to Nakamura and Swanson (1993) in 
first- and second-order streams, which have low 
channel width, LWD is generally not transported and 
occurs in the form of whole trees or their parts hung 
over a channel. A similar pattern was observed in the 
studied valleys (Fig. 2A). It has, however, to be 
assumed that the durability of dead wood is limited to 
30-40 years (Wallace et al. 2001; Kaczka 2003). After 
that period tree trunks may break into smaller 
fragments and their remnants may fall into a channel 
contributing to damming effects and local 
accumulation. 
Forming organo-mineral steps and potholes 
within streams leads to the creation of a step-like 
longitudinal channel profile (Keller et al. 1995). Such 
a pattern of modelling of the studied valleys was 
observed after the 2013 windthrow. Steps in the 
studied channels are rather large compared to those 
noted in other Carpathian Mountains ranges (Kaczka 
2003). Their maximum heights range between 1.1 m 
and 2.0 m, and their mean heights are from 0.48 m 
up to 0.85 m. On average, 1.5 – 5.9 woody-debris 
steps were noted along the 100 m of a channel length 
in the studied valleys. Those are rather high values 
which notably decrease transport of bedload and 
contribute to the development of sediment 
accumulation sites. The durability of fragments of 
trunks, branches, and wood jams is rather short 
compared to whole trunks, so their period of 
decomposition will be faster. This material is 
successively removed during flood events, and the 
greater the role of fluvial processes in a given section 
of a channel, the faster this happens. It may be clearly 
observed in the example of catchment W3 in which 
significant changes in the morphology of its main 
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channel were made by the accumulation of woody 
debris during windthrow and forest operations and by 
using the channel as a road for wood transport (Fig. 
9A). By 2018 most of the FWD had already been 
removed and channel forms were created again (Fig. 
9B). A similar trend of removing FWD from a channel 
may be observed in catchments W1, and C2. Along 
with the decomposition and removal of in-channel 
wood the step-like profile of the studied channels will 
be gradually degraded, and bedload sediment will be 
transported for longer distances. 
5.5 Role of near-channel uproots 
When the connection between slope and fluvial 
system is limited, the most important sources of 
instream sediment are channel bed and bank 
undercuts. In such cases root plates which have fallen 
into a channel and pits which have been created in the 
direct vicinity of a channel may also be an important 
source of sediment (Reid 1981; Grizzel and Wolff 1998; 
Strzyżowski et al. 2016). Many of those pits, however, 
become overgrown with vegetation in a relatively 
short period after the windthrow. By comparing our 
data with data presented by Strzyżowski et al. (2016), 
who conducted their research in the same catchments 
1.5 years after the windthrow in 2013, it can be said 
that the area of pits adjacent to channels and 
uncovered with vegetation was 4 times lower during 
the field survey in 2019.  
An additional source of instream sediment in a 
windthrow area is root plates fallen into a channel. 
Many of them have already lost all or most of their 
sediment; therefore, their contribution to increased 
sediment yield was probably the greatest in the first 
few years after the windthrow. 
6    Conclusions 
In general, our study suggests that during  
average hydrometeorological conditions the 
occurrence of an extensive windthrow within a 
catchment does not significantly increase the activity 
of slope and channel processes. In the studied 
catchments neither pits created by uprooting nor 
linear surfaces of bare soil created during logging 
increased erosion intensity or delivered sediment into 
channels. Regeneration of vegetation within the 
windthrow was rapid, and in a few years bare soil 
surfaces had become stabilized. We also did not note 
increased mass movement activity on windthrow-
affected slopes. 
The intensity of bedload sediment transport does 
not appear to be influenced by the presence of the 
windthrow. No clear and unequivocal pattern of 
transporting bedload was found when comparing 
windthrow-affected and control catchments. It may 
be assumed that local conditions such as minor 
differences in channel morphology or uneven 
distribution of rainfall intensity over a given area had 
greater impact on the intensity of bedload transport 
than the presence of the windthrow. 
One of the most observable changes caused by 
the windthrow was the delivery of fine sediment into 
channels by both root plates fallen into a channel and 
pits created in its neighbourhood. Nevertheless, 
because most of those root plates were already devoid 
 
Fig. 9 Channel in catchment W3 in 2016, 2.5 years after the windthrow event; ruts created by vehicles are marked by 
dotted lines (A). The same section of the channel in 2018 (B). 
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of sediment and pits adjacent to channels were 
observed to be overgrown by vegetation, it is assumed 
that the activity of those sources of fine sediment is 
short-term and diminishes in a few years after a 
windthrow. 
As a result of the windthrow and subsequent 
forest operations a large amount of differently-sized 
woody debris was deposited in the channels of the 
studied catchments. Its influence on channel 
processes depends on the size of the organic material 
and way of its deposition in a channel. Fine woody 
debris, which was often a result of logging operations, 
may be removed from a channel relatively quickly, 
especially if the intensity of fluvial processes is high. 
Larger woody debris may be hung over a channel and 
fall into it after several decades. Nevertheless, the 
damming effects created by organic debris after the 
windthrow influenced the activity of fluvial processes. 
Sediment accumulation above and erosion below 
damming sites takes place, which results in creating 
step-like longitudinal profiles of the channels. 
The significant amount of organo-mineral 
channel steps has reduced the transport of mineral 
debris in the channels. The period of time during 
which those steps will affect the channels is related to 
the durability of woody debris and frequency of 
extreme hydro-meteorological events capable of 
destroying those forms. The durability of LWD in the 
studied area is 30-40 years (Kaczka 2003), and the 
durability of FWD – less than 10 years. Extreme 
events in the studied valleys occur on average every 15 
years (Gorczyca et al. 2014). Such events will 
successively clear the channels of organic and mineral 
debris and in the future they may lead to forming long 
rocky floor sections which were observed in the 
studied channels before the windthrow event. 
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